Atomic Clocks & Magnetometers for Navigation and Metrology
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Highest Accuracy Atomic Clocks
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Enthusiasm for Optical Atomic Clocks and fs Combs

e SCIENTIFIC 421
The times, they are a-changin’ AMERlCAN |

WPIENEs 7002 3445
scum con

rate timepieces could lead to better global postioning syste N
nsights Int '|;|I: il physics and a redefinition of the second. David " ’
A 4\

Adam rates the runners in the race to build tomorrow’s ator locks f\

Time’s Mysterious Physics \ Ihe Philosophy of Time
Building Time Machines The Body’s Clocks
The Mind and Ilme Time and Culture
Ultimate ﬂocks find more .«

Tara
Fortler
Optoelectronics Manulactudng o

SN lﬂSEI‘F[IRIISW[II‘III

. ‘ L MAY 2006 WWW.LASERFOCUSWORLD.COM

INTERNATIONAL RESOURCE FOR TECHNOLOGY AND APPLICATIONS IN THE GLOBAL PHOTONICS INDUSTRY

Octave- ™ 5d
spanning
laser probes

physics... %

» Ti:sapphire lasers go modular rase 1 | nt undisputed
» New tools support MEMS metrology race o7
» Quantum cryptography beefs up security race 108

G, WHEELERAMIET

nate: w)nt e
levels, The

mN; h

ve matters, the NIST

tudyingthe factors that

and stabili their

— accura

utput match

& . selvas ayis o 3
T | pecimal paces Ebvubin ot
i ‘ ¢
i ©® 2003 Nature Publishing Group 207

Ted Hansch
ncy Division




Fractional Frequency Uncertainty

Accuracy of Atomic Frequency Standards - History
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Phase Noise on Oscillating Signals
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Optical
*Shot-noise | = sqrt(2elBW), technical AM noise
 ~ fs timing, (10-1° 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.




What is the most significant achievement

resulting from Atomic Clocks ? &

. 58
Clocks in Space ! ONL,
GPS (Global Positioning System) ‘

Array of 24 orbiting GPS satellites

=~ 4 Rb atomic clocks per satellite




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

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 A
laser ranging ? Lunar ranging .~
w/ laser 7
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JASON-2

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

Time & Frequency Dwnsnon




Ytterbium optical atomic clock

- Excellent prospects for high stability and small absolute uncertainty

P, (6s6p)
Lattice
759 nm
I 398.9 nm,
5 23 MHz T 3|30,1,2 (686p)
CICJ —
L
3P,: §55.8 nm,
182 kHz Chad Hoyt
Zeb Barber
A =578 nm Chris Oates
Av = ~0 174Yp Jason Stalnaker
- 15 mHz '7'Yb, 73Yb Nathan Lemke
S
0

(171Yb, 73Yb 1=1/2,5/2)




High resolution specctroscopy with lattice-trapped Yb atoms
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Count Optical Frequencies with Optical Frequency Combs
Ultra-short and repetitive pulses of light

> 20 fs

time

—
Ultrashort optical pulse, plus nonlinear fiber - Broad Spectum

Repetitive pulse train — Frequency Comb — “ruler for frequency/time”

£

Power

\/

\_/
Wavelength

*Initial efforts/ideas: J. Eckstein, A. Ferguson & T. Hansch (1978), V. P. Chebotayev (1988)
Time & Frequency Division
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Optical clock comparisons via
optical frequency combs

to counter
578 nm Yb
< N | aye
G N stabilized laser
» f, lock
f=Nx £, +f
i |||||I|||||..—;
=)
+ + comb
Ca, Hg J Al 3 Sr PD stabilization

stabilized laser
T. Fortier

S. Diddams ...




Instability: Sr v. Yb

deviatign

ad
=
>

tot

—
1

—_—

~

-15

—

10 100
time (s)

Sr at JILA, Ludlow, Ye et al.

vs. Yb at NIST via 3 km optical fiber

1000 10000

Time & Frequency Division




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)

Phase-coherent imaging from
independent satellites

*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
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L(f) (dBc/Hz)

Two Optical Frequency Dividers

Phase noise for 10 GHz output

Poseidon sapphire oscillator
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VAR 1:unknown

‘ optical |
Self-Referencing
Fox et al. Applied Optics, 05,

Even commercial systems now
available — CLEO/QELS trade show

Allan Deviation

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

also similar work at NPL ...
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Triple Sensor Technology Wa o

Make the right decisions using the right information.
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PATHFINDER Shown In Altimeter Mode

200M Water Resistant
Titamiwm Band
Tide Graph

PAW1500T-7V] $400.00 PAW1300B-4V] $320.00 Triple Sensor Technology

- Multi-Band 5 Atomic Timekeeping (US, UK, Germany, Japan) Compass: Measures

- Tough Solar Power and displays one of 16

- Digital Compass, Altimeter, Barometer/Thermometer directions at the push

)\ of a button.

- Auto EL Backlight
Barometer: Displays
barometric pressure
readings and graphs
weather trends for up
to 20 hours. Displays

- Bi-lingual Day of Week Display (English, Japanese) g . -] temperature.

- Multi-Band Atomic Timekeeping (US, Japan) E b Altimeter: Displays

- 100M Water Resistant 3 -~ B . current altitude and

-Workd Time B0 Cities)  spoun s > ' : ; graphs altitude

; 2 - position. Updates

- LED Lighe ‘
Solar Power . every two minutes.

- LED Light with Afterglow

WA IAL

NON-STOP SELF-ADJUSTING

Atiny solar panel combined with a large-capacity Multi-Band 5 Tochnology receives time calibration
rechargeable battery enables a variaty of signals automatically from five transmittors around
energy-hungey functions 1o operate smoathly. the world and updates settings accordingly for
The result is an knpressive solar timopiece that pinpoint accuracy. This technology even adjusts
koeps running with no battory replacement for Leap Year and Daylight Saving Time
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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

Time & Frequency Division
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Cell Fabrication: Anodic Bonding

Preform created by KOH etching or
DRIE of Si

-
o

o
(0]

L I L
T

Pyrex bonded on one side with
anodic bonding

Cell preform filled with Cs or Rb
— And buffer gases

Normalicged J;ransmittance
~ o
| M |
1 1

o
N

L I L
T

Diced cells made at NIST using the -

anodic bonding technique 45129 6 30 3 6 9 12 15
— Interior: 1 mm x & 0.9 mm Frequency (GHz)
— Exterior: 1.33 mm x (1.45 mm)?

\1mm 1 mm

Pyrex 7740 (125 pm)
Silicon (375 um)
Pyrex 7740 (200 um)

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



NIST Chip-Scale Atomic Clock: 2004

d 4

4.2 mm

Volume:
9.5 mm3

Cell volume:
0.81 mm3

Cell temp:
85 °C

| Heating
| power:
75 mW

| stability:
o,(1sec.)=

//ﬂ—/)\ N 21

S. Knappe, et al., Appl. Phys. Lett. 85, 1460 (2004).
Time & Frequency Division




All-Optical (CPT) Excitation

Local Control
Oscillator < Electronlcs s4 + Vatom
(7))

- 3
= ool — ||
Diode =
Laser DN =

sb I sb Optical LO Frequency
t | ¢ fields
carrier E,~

E,

* 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!

Time & Frequency Dwnsnon




(A \,gery Rough) Oscillator Comparisor:
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Applications of Microfabricated Atomic Clocks

« Size (1 cm3) Integration in portable,
 Power (30 mW) battery-operated devices

* Precise timing: higher-performance, more reliable operation

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...
e Others ... Time & Frequency Division
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Commercialization of Chip-Scale Atomic Clocks

Symmetricom/Draper/Sandia Honeywell
(courtesy R. Lutwak) (courtesy D. Youngner)
’ { ‘ Lower Suspension
‘@" <10 mw \ P
LTy power requirement < — > @é :‘%
- el e

RF output

10 cm3
108 mW
5x10-11
@ 100 s




Magnetometry with Chip-Scale Devices

Zeeman splitting

N — 2 /iw, = Y2ugB

Hyperfine o
splitting HE

Atom Energy




M, Magnetometer

* Improved sensitivity; no GHz oscillator

A Photodetector
D1 ,
t /\/\/ 4
AB
Optical ;? RF_
5 Vapor Coils
o cell
LLI
e ‘Ig
Filter T
—P— i
Microwave Vhe —
——— Semiconductor
Laser

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




CSAM Operation

S'4 " 2 kHz Sldebands |
Heater Currents % _
Laser Current — St _(%2-
. : c | <«pWidth = 1.7 kHz |
Local Oscillator T 0- or 243 nT
Driving RF Coils =
A —1-2- |
Loop _4_- |
Filter -
Lock-in 5.2 5.4 5.6 5.8 6.0
Amplifier Magnetic Field
Data P 9 [uT]
Acquisition
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M, CSAM Performance

Sensitivity Frequency Response
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