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What Makes a Clock?

Oscillator +

Earth Rotation
Pendulum
Quartz Crystal

ATOMIC CLOCKS
Microwave Transition + Oscillator
Optical Transition + Laser

Counting Mechanism
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Sundial
Clock Gears/Hands
Electronic Counter

Electronic Counter
Frequency Chain
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Improvement of Cs microwave standards over 50 years
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Optical Clocks

Why are they interesting?

» Optical standards have superior stability:
1 e.g. Ca optical standard

Af
FINNT <2x10%at1s

a(7)~

» Optical standards have the potential for greatly
improved accuracy: e.g. approaching 1x10-18 for
single trapped ions
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Oscillator Stability

— Quantum Limited Instability
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Single Hg* lon Ontical Standard

_ 199 +
. F=1 Hg
P, —5 F=0
F=3
*Ds), F=2
Observe /y.:'"-._“
fluorescence ek
(A=194nm) Cloc
"'-.,__ Transition
(A=282 nm)
) F=1
S . | F=0

“clock” transition @
f, = 1.06x10" Hz

Q=1.6x10" !!

J. Bergquist, et al. (NIST)
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PHYSICS TODRY

MARCH 2001

Single Hg* ion

SPECIAL FOCUS: CELEBRATING NIST’S CENTENNIAL
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Femtosecond-Laser-Based
Optical Synthesizer

 Whatis it? A device that phase-coherently
connects optical and RF/microwave domains.

H-wave n > Optical Synthesizer » H-wave out
optical in > X — » optical out
n




Femtosecond-Laser-Based Synthesizer

Pump Power Control of f
\

5-8 W of
532 nm

PZT Control of f

————————————

>

Ti:Sapphire
Gain

Relative Power (dB)

Output
650 mW

f o= 1 GHz

Microstructure
Fiber

S.A. Diddams, et al.
Proc. SPIE vol. 4269 (200)
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Atomic clocks are shrinking to microchip size, heading for space
and approaching the limits of useful precision By W. Wayt Gibbs
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Dozens of Lo clock makers inthe world convened in New Orleans one

this past May to present their |atest inventions, There was
ot a mechanic among thems these wene scientists, and their
conversations buzeed with ralk of specrrums and quantum
levels, not gears and cscapements. Today those who would
build @ more acenrate chock must advance into the frontiers
of physics and engineering in several directions at once. They
are cobbling lasers that spit ont palses a quadnillionth of 2
second long together with chambers thar chill aroms to.a fow
millionths of a degree above absolute zero, They are snar-
ing individual jonsin tar pits of light and magnetism and ma-
nipulating the spin of electrons in their orbits,

And thanks to major technical advances, the art of -
traprecise timekeeping is progressing with a speed not seen
for 30 years or more, These days a good cesiom beam
clock, ef the kind Agilent sells for $63,000, will tick off sec-
onds troe to about a microsecond a month. its frequency
accurate to five parts in 10V, The primary time standard
for the U.S., a cesivm fountain clock insealled in 1999 by

WWW.SElam.cam
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the National Institnre of ‘-tam.l-uds and Technology (15T}
atits Boulder, Colo,, laboratory, is good toone part in 101
{usually written simply as 10-1%). That is 504 times the ac-
curacy of NISTs best chock in 1975, But space-hased clocks
sex to fly onthe International Space Station by 2005 are ex-
pected to tick with uncertainties better than 1071%, And snc-
wessful prototypes of new clock designs—devices that ex-
tract time from calcinm atoms or mercury ions instead of
wesium—lead physicists to expect that within three years,
aceuracy will reach the 107" range, a L000-fold improve-
ment in less than o decade

Accuracy may not be guite the right word, The second
was defined in 1967 by international fiat o be “the duration
of 9,192,631, 770 perinds of the radiation corresponding mo
the transition between the two hyperfine levels of the ground
state of the cesinm 133 atom.” Leave aside for the moment
what that means: the point is that to measure 2 second, you
have to look at cesium. Very soon now the best clocks

SCIENTIFIC AMERICAR Hr-
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Optical Clock with a
Femtosecond Synthesizer

'

Femtosecond Laser +
Microstructure Fiber

S. Diddams, ef al. Science 293, 825 (2001)
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Comparison of Hg* Optical Clock to a H-maser
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Comparison of Hg* (optical) to Cs (microwave)

30 o Weighted Average of all Data:
..899 143.4 (1.0) Hz

20 o Original Measurement: ...899 142.6(2.5)
PRL 86, 4996 (2001)
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Hg* -- Cs comparison limits
possible variation of O

PRA 59, 230 (1999)
V1o

V m Dzuba, Flambaum, Webb
Cs |:| gCS e 0,603
mp

Present data constrains possible variations of

( Ve ] to<7x107"° yr”

I/Hg

or

me

a m

p

a _ .
—<1.1x10"°yr" if g, and L j are assumed constant

S. Bize, et al. (submitted to Phys. Rev. Letters) NIST
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Hg-Ca Optical Comparison

'

Femtosecond Laser +
Microstructure Fiber
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“Beat” between Hg* and Ca across 76 THz
Millions of Narrow Linewidth Oscillators
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Testing the Femtosecond Synthesizer

1:r1 1:01

fs Comb #1
|

Diode Laser
456 THz

fs Comb #2

fr2 f02

v

*

Optical Heterodyne
(tests comb teeth)

Stability: <6a410-16 1-1
Accuracy: <4a10-17

PMT

X-Correlation

(tests envelope)
Jitter: 400 as (1-100 Hz)

Stability: <2a10-"°1-"

RF Mixing
(tests microwave output)
Stability: ~2a10-14 1"
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Allan Deviation

Stability of Microwave and Optical Signals
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L(f) [dBc/Hz]

Comparison of Various Oscillators/Synthesizers

Phase noise for 1 GHz carrier
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Potential Limitations to RF Stability

hot . A
*Shot Noise: o7, (T)—2 ! JéelR y
mf.t\ F,

o3 (1) =1x107° 17! for i =4 mA, By =-10dBm, 4f =150 kHz

Excess Phase Noise in Photodetection

- AM-PM conversion exists. For example, timing jitter
of 1-10 ps/mW in various photodetectors.
- Saturation with high peak power??

Excess noise from Laser or Microstructure Fiber

NIST
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Amplification of Fundamental Noise in
Microstructured Fibers
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A New, Simpler Tool:
1 GHz Ti:sapphire Octave-Spanning Oscillator

A. Bartels and H. Kurz, Opt. Lett. 27, 1839 (2002)

M3 “OC
| > High repetition rate—
800 mW total power
252 nm A \ « Compact, 5-element
pump U ring design
Ti:Sa
L M1l M2

KEY ELEMENT: 1000mm ROC convex mirror (M3)
increased self-amplitude modulation - shorter pulses 2 enhanced
self-phase modulation
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Output spectrum of laser

102- T | T T | T T T | T T T | T T T T+

Power Per 1 GHz Mode (UW)

10'6 -4 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I+
600 800 1000 1200 1400

Wavelength (nm)

Frequency triple 960nm and double 640nm to obtain
320nm heterodyne (1)

3f —2f =3(nf. +f)—2(mf. +f) =1,
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Detection of f, without microstructure fiber

U. Morgner, et al. Phys. Rev. Lett. 86, 5462 (2001).

T. Ramond, et al. Opt. Lett. 27, 1842 (2002).
Ti:Sa
laser
21
640 nm BBO 320 nm 5 E
960 nm L | i<
LilO;,
960 nm || 480 nm Single Mode
320 nm fo Q
3\ > PMT

No critical alignment of nonlinear elements
Can be phase-locked nearly indefinitely....
NIST
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Long-term Phase Locking of Broadband Laser

Control of femtosecond laser: <6a10-® @ 10 s
~m can count >10'9 optical cycles without missing a single one!

5
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Summary + Outlook

‘Femtosecond lasers combined with cold atom standards

will be the basis of future atomic clocks
(stability ~1u10-'®* @1s, accuracy < 1u10-17)

*Emerging applications and uses:
--secure communications
--ultra low noise microwaves (RADAR)
--length metrology
--time/frequency transfer over fiber networks
--remote sensing
--extreme nonlinear optics

Smaller, more compact, more robust
--novel solid state femtosecond lasers

--broader spectra, different wavelength regimes
NIST
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