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stabilized frequency combs from mode-locked
femtosecond lasers provide new opportunities for....

§ optical frequency metrology

§ optical clocks

§ measuring distance

§ time & frequency transfer

§ laboratory tests of fundamental physics

§ carrier-envelope phase control (key technology
for attosecond science)

§ femtosecond pulse synthesis & arbitrary optical
waveform generation

§ generation of ultralow noise microwaves

§ new spectroscopic techniques

§ harmonic generation

§ coherent control

§ spread-spectrum secure communications

§ part of a Nobel Prize!
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idea: optical frequency synthesizer

FREQUENCY:

352, 567, 323, 826, 841 Hz

POWER: 2 nW

NOISE: -100 dBc/Hz at1 Hz

port 1 port 2
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idea: optical frequency synthesizer

FREQUENCY:

352, 567, 323, 826, 841 Hz
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microwave or optical

atoms ., stable

or molecules cavity

your are only as good
as your reference

idea: optical frequency synthesizer

FREQUENCY:

352, 567, 323, 826, 841 Hz

POWER: 2 nW really good... |

NOISE: -100 dBc/k 1 part in 105!
port 1 port 2

NWW\ANWW 850 nm (352 THz)




microwave pulse generators daiimmiig.....

Picosecond Pulse Labs 2600C

specifications

rise time 250 ps

dynamic range 70 dB

pulse duration 1 ns to 100 nsec
repetition rate 1 Hz — 100 kHz

10 V/div and 1 ns/div
Positive Pulse




optical pulse generators? T Te—

pulse duration:
20 fs

repetition rate:
1 GHz

phase profile:
20 fs?2

port 1 port 2

n each cycle:
n n 2.5 fs (800 nm)

stabilized combs have subfs
timing jitter from pulse-to-pulse
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pulse duration:
20 fs

SUB FEMTOSECOND
phase stability !

repetition rate:
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phase profile:
20 fs?2

port 1 port 2

n each cycle:
n n 2.5 fs (800 nm)

stabilized combs have subfs
timing jitter from pulse-to-pulse
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frequency combs are extending our ideas about user-defined
frequency sources, from the microwave to the optical
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optical spectrum is discrete, appearing every frep .I|||||||"“Wi..---

10 cm

kerr lens modelocked
frequency comb
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1 GHz repetition rate pulses
E(t) 15 fs 8.5 W pump beam at 532 nm
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stabilization of optical frequency comb '||||||||||Im|.,,..‘

» offset controlled by modulating pump
* rep. rate or beatnote (with CW laser) controlled with cavity mirror

rep "
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100 MHz RF spectrum

f:2f interferometer
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» offset controlled by modulating pump
* rep. rate or beatnote (with CW laser) controlled with cavity mirror
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offset frequency logk repetition rate or
heterodyne beat
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100 MHz RF spectrum




comb equation predicts optical frequencies
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comb equation predicts optical frequencies

S(v) Vn nf”ep +f0
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meaning that if | measure:

fo=120 MHz
frep= 1000 MHz
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" =nfrep +f0

S(v)
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meaning that if | measure: then | know *all* the optical frequencies:

fo=120 MHz the n=500,000 mode has a freq. of:

v =nf. +f,=5e5(1GHz) + 120 MHz
— n rep 0
Jrep= 1000 MHz — 500,000,120,000,000 Hz




comb equation predicts optical frequencies
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limit to optical

freq. accuracy:
reference for

rep. and offset

A%
meaning that if | measure: then | know *all* the optical frequencies:
fo=120 MHz the n=500,000 mode has a freq. of:

frep= 1000 MHz

v, =nf.,, tf,=5e5(1GHz) + 120 MHz
=500,000,120,000,000 Hz
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...on the other hand...

...we can extract microwave signals from stabilized combs.
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meaning that if | measure: then | know *all* the microwave frequencies:
fo =120 MHz the »=500,000 divided mode is:
Jrop = (457€12 — 300 MHz — 120 MHz)/n
fbeat — 300 MHZ v =014 MHz (this moves with CW reference

say, 1 Hz per second)
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oV,
combs stability
Vo
S(v)
A
Ca at 657 nm Hg ref. at 1064 nm
Y%
locke measured
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oV, _ oV,

combs stability optical reference stability

v ~y

0 Yca

S(v)

A
Ca at 657 nm Hg ref. at 1064 nm
fractional
stability same
along *entire* comb
locke measured

...thus, can compare
two standards
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PLL @ 100 MHz

(@ 10 MHz

- 4674 Gz
. @ 10 MHz e

PLL @ 80 MHz (s Frequency Standard

9.192 631 77 GHz
PLL @@ 10 MHz

Quartz Oscillator
100 MH#
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Stablllzed m ™ Ca Frequency Standard

- - 455986.240494 GrH;

frequency comb % ’ S
Diode Laser
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frequency measurements of
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laser-based frequency standards 2,
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atomic standards comparison with combs ‘|||||||||||m|.,,._;

neutral Ca atoms: 457 THz (657 nm)
Hg+: 563 THz (532 nm)

frequgncy comb as gearwork for optical-atomic clocks
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much of the work with combs relies on low phase noise

at NIST, we are interested in performance in both regimes

narrow linewidth | — stabilized . LOW PHASE NOISE
CW optical reference frequency comb OPTICAL SIGNALS

}

LOW PHASE NOISE
MICROWAVE SIGNALS




first step: establish frequency stability of comb illllllllllllih.....;
frequency I‘ |I II II
counter 'I

other reference oscillators

L.-S. Ma, Z. Bi, A. Bartels, et al., Science 303, 1843 (2004).
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first step: establish frequency stability of comb Al""lll"l"'h....k
frequency I‘ |I II II
counter 'I

other reference oscillators

L.-S. Ma, Z. Bi, A. Bartels, et al., Science 303, 1843 (2004).

two stabilized combs
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methods for measuring optical U Te—
coherence

S0l fbeaﬂ, fol relative phase noise measurement
T OFcC1 to compare different spectral regions,
.V ...can extract RF parameter from each region
!
Jor-Joo= AJo
S(v)

fbeat2 » f()2




methods for measuring optical U Te—
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fbeaﬂ, fol relative phase noise measurement

to compare different spectral regions,
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methods for measuring optical RUTTTTH T —

coherence
Joeat1s So1 relative phase noise measurement
S(v)
T OFcC1 to compare different spectral regions,
v ...can extract RF parameter from each region

>

with this technique we can:
§ downconvert optical noise into RF parameter

VIS
> % <
*0ad - § compare noise at different spectral regions
IR VIS ...that is, look at dynamics of comb...
L, v

fbeat2 » f()2




methods for measuring optical LTI .
coherence

fbeatl» fol relative phase noise measurement

OFC1 to compare different spectral regions,

...can extract RF parameter from each region
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VIS with this technique we can:
- § downconvert optical noise into RF parameter
"A_‘* § compare noise at different spectral regions

IR S ...that is, look at dynamics of comb...




methods for measuring optical
coherence

fi)eaﬂ’]p()l

OFCA1
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relative phase noise measurement

to compare different spectral regions,
...can extract RF parameter from each region

with this technique we can:
§ downconvert optical noise into RF parameter
§ compare noise at different spectral regions

...that is, look at dynamics of comb...

§ how does the phase noise vary across comb?
§ can the comb equation predict the measured noise?
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scaling of phase away from locked point ‘|||||||||||"h.,,._‘

S e

T
1.0

§ first demonstration scaling of phase noise across comb

§ comb equation can predict phase dynamics
I I T I | § shows substantial coherence across comb
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Agilent E8257D frequency synthesizer
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microwave signals from optical frequency combs '|||||||||||m|,,"_‘

§ frequency stability
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Q. Quraishi, S. Diddams, L. Hollberg, in progress
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state-of-art sapphire microwave oscillator
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Q. Quraishi, S. Diddams, L. Hollberg, in progress

state-of-art sapphire microwave oscillator
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Q. Quraishi, S. Diddams, L. Hollberg, in progress
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if noise is low than other microwave sources...

how was the measurement done?




measuring microwave noise of combs _Al""lll""'ﬂi.,...‘

narrow linewidth
CW reference

stabilized stabilized
frequency comb #1 frequency_ comb #1

| I

® ®
| |...|ﬂ‘ﬂeq_ ..

1 GHz 2 GHz 0 GH 1 GHz 2 GHz

o=

-—
———e—--fo
()

noise extremely low
noise measurement

microwave noise from each comb
so low that we can only measure
it by comparing to another comb.
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TiS phase noise
at 10 GHz bottom line: before we try to measure

‘fundamental’ noise in combs must
\1/f + noise
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TiS phase noise
at 10 GHz bottom line: before we try to measure

‘fundamental’ noise in combs must
\1/f + noise

address technical noise
N
/‘mp ise/ Shot noise
| // I

| ! | | !
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz

so far, technical noise
constitutes our most immediate challenge
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final example of comb application:

transfer the coherence of comb to terahertz domain
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terahertz generation and phase stabilization THz regime ~ 0.1 — 10 THz

§ broad tune THz

comb allows us to: ¢y o\ THz freq. precisely while tuning

THz

A
|

S(v)
A

DLJ s terahertz [ _?LZ
antenna

CW diode CW diode
laser #1 laser #2

reference comb
to microwave or
optical standard

§ THz frequency standards

§ precision molecular spectroscopy

§ commercial applications in defense and space industries
§ studies of semiconductor dynamics

potential applications:
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quantum cascade laser

§ tunability: 10 GHz
§ cryogenic temperatures
§ linewidth ~30 kHz
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(a) demonstrated that stabilized optical frequency combs may be successfully
integrated into THz spectrometers.

resulting in: excellent linewidth and broad tunability

stabilized , ‘
frequency comb Ll

lII II‘II II‘
1 THz 4 THz

(b) demonstrated improved optical phase noise performance of TiS

resulting in: potential for enhance microwave phase noise performance

stabilized @
frequency comb equen omb

(c) showed optical coherence properties of comb

demonstrating: significant phase coherence across 100s of nm across

—
—
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§ rewrite comb equation in terms of phase-locked parameters
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